GALILEAN RELATIVITY

Projectile motion

The Principle of Relativity

When we think of the term relativity, the person who comes
immediately to mind is of course Einstein. Galileo actually understood what
we now call the principle of relativity before Einstein. He explained it
carefully in his book Two New Sciences.

Today we will discuss what Galileo understood about motion
including projectile motion, and the principle of relativity.




NON-ZERO INITIAL SPEED

Vv, + at

Vo

V=V, + at X = VAVt: 1/2(V0 + V)t

X = Yoy + Vo + at)t = yt + 1/2at

Suppose we are observing a motion in which thelnit
speed is not zero as we have assumed so far. &ompdx we could
throw a rock upwards in the air. How do we hantls

We describe this graphically above. An initial speg
exists, and acceleration begins at t = 0. Thisquesins that the
speed increases (or decreases) starting fromtie value.

How can we evaluate the distance traveled? The
distance is always given by the average speed tingegme. For
uniform acceleration, the average speed is jusatieeage between
the initial and final values. Inserting our expieador the final
speed, we have the result shown above.

A simple interpretation of this result is that thigect
moves as though its initial speed continued uncedrmd in
addition the acceleration occurred. It is as thaotnghinitial speed
and the acceleration are unaware of each other.




EXAMPLE: THROW ROCK UP

Choose upward to be positive displacement and speed.
(This choice is arbitrary)

Thenv =y -gt

Let v, = 5m/s and g = 10n¥'s

When does the rock get to the top of its motion?
v=0=5-10t so 5=10t and t=0.5s

How high did it go?
y = Vgt — 1/2g2 = 5(0.5) - 5(0.59) = 2.5 — 1.25 = 1.25m

Let’'s look at a simple example illustrating these
results. This is something we have all done. Thaawck in the air.
To describe motion we must choose a coordinatesyghink
Ptolemy and Copernicus). Of course our coordingtees is fixed
on the surface of Earth, but we must still chooketWer up or
down displacements will be labeled positive. Thiarbitrary. The
initial speed and g are opposed so one has todsive.

When does the rock reach the top of its motion? How
do we define the top of the motion. Try tossingrypencil in the
air in front of you. What happens at the top?dpstand turns
around. When you walk down the hall and turn arooechuse you
forgot something, you must stop in the process.

So to find t at the top, set v = 0 and solve fdra.find
how high it went, we just use our expression (Wilrect signs)
for displacement including an initial speed.

You could now find how long it stayed in the air by
finding the time for it to fall from rest from a ight of 1.25 m.




QUESTION

For the rock just thrown, what was its acceleration
at the very top of its motion?

. +10 m/g
. +5m/8

. -5m/g

JAN
B
C. 0m/3
D
E. -10 m/8

Here is a short quiz. Think about this for a minoite
two and then we will vote.

The question posed here is must the acceleratiom ha
any special value when the speed is zero? The answe.
Acceleration is the rate of change of speed and doedepend on
whatever value the speed has at the moment. Teayjaektion is
whether the speed is changing or not, and of sehat rate?

In this case, the acceleration due to gravity actl
times for all unconstrained bodies. They alwaysbxrate
downward until they hit the ground.




SAME QUESTION USING
INCLINED PLANE

Cart on track with motion sensor.

T

Start it initially moving upwards. This
is analogous to throwing the rock up.

SHOW cart on inclined track, starting it with an
upward push from near the end of the track. Disglag t. It first
decreases, then increases. This is like measurengdsition of the
rock thrown up from up in a tree.

SHOW speed vs time. Note it goes through zeroeat th
top of the motion as we said for the rock.

SHOW acceleration vs time. It remains constant
throughout the motion except at the ends when dtnees enter.




DROP ROCK FROM TOP OF
BUILDING

Here we extend our earlier equations by
adding an initial displacement

y =Y,— 1/2g¢

Let y, = 50m.
y =50 —-5¢
When does it hit? Answer: wheny =0

0=50-% so5¢=50 andt2=10 so t=3.2s

Instead of adding an initial speed, let's add aimain
displacement. We drop a rock from the top of admg 50m high.
We could use a coordinate system with y = 0 atdpeof the
building, but instead let’'s choose ground levebasszero of
height. Then clearly we just adgtp our equation for
displacement.

How long until the rock hits ground? This occursawh
y = 0. Solving for t we find 3.2s.




SHOOT AND DROP

So far we have dealt with motion in one dimensioly oA car
Is driven down the street, a rock is dropped dedobn an inclined plane,
etc. How do we handle situations in which more tbae dimension is
involved? For example when a baseball is thrownaayht, it moves both
horizontally and vertically. Our whole understarglof this field hinges on
an important experimental discovery: The observetion of the baseball is
the result of tweseparate motions followed simultaneously by the ball, one
horizontal and the other vertical. Furthermoreséh®vo components do not
interfere with each other in any way. They eaclteeal as though the other
were not taking place. Galileo discovered thesagthand describes them in
TNS.

We begin with a simple and perhaps surprising enpart. We
have a spring driven device that can shoot onersgi@izontally and
simultaneously drop another. The question is, wbioh reaches the floor
first? SHOW shoot and drop demo. We can hear higgtboth land at the
same time. What this experiment shows is that émgcal motion is not
influenced by a ball's horizontal motion. The b&llot sideways falls just as
fast as the dropped ball. If we were to do the sdmmg with a high powered
rifle, the result would be the same. The shot bwieuld land at at the same
time as one that was dropped when the trigger whsd




ROLL AND FALL

This experiment is similar to the one we just sacept
vertical and horizontal motion are interchangedoTalls roll down
identical inclines gaining the same speed. The tawme then rolls along a
horizontal track. The upper one rolls along a srdnbrizontal plane and
then falls towards the lower track. It lands on edphe lower rolling ball
showing that the two balls continue to have theeshorizontal motion.
The horizontal motion of the upper ball is not ugfhced by its vertical
motion.

The conclusion we draw from these two experimenthat
the vertical and horizontal components of the mmoaban object are
independent of each other. It is as though thesedimensions exist in
different universes.

In the above experiment the horizontal motion ef tipper
ball remains what it was as it left the track. Tisisonsistent with
Galileo’s principle of inertia. No change in itsrfamntal speed occurs
because no horizontal forces act on it. Another efesaying this is that
the principle of of inertia applies separately atle dimension of the
motion.

The overall trajectory of the upper ball is a sgosition of its
horizontal and vertical motions.




SUPERPOSITION

ERA
y =Yy,— 1/2g¢

Y = Yo — [0/2v?]x?
Parabola

This is called projectile motion.

The equations that describe the x and y comporénts
the motion of the upper ball in the previous exmpent are familiar
to us. In the x direction the velocity is constaut,x increases in
proportion to t. In the y direction we have a fadlibody dropped
from a height y. We can eliminate t from the two equations by
solving the first one for t and substituting ittire second. The
result is a parabola.

The trajectory of a body moving with a constant
horizontal velocity and constant vertical accelerats a parabola.
This is referred to as projectile motidexamples are: baseball,
football, tennis, shooting a bullet, etc. In owatment we are
ignoring the force of the air on the moving bodg. e have seen,
this is only accurate when the speed of motiomalksenough.




EXAMPLE

A building is 20m high.

A rock is thrown off it
horizontally with speed

15 m/s. How far away does
the rock land?

Time in the air:

y =Yo—1/2g¢
=20-5t=0
t2=4, t=2 seconds.

X =Vt = 15*2 = 30m

Here is a simple example of projectile motion. The
rock thrown from the building continues moving witte same
horizontal speed throughout its motion. All we nég#&now is how
long was it in the air?

This can be found using its vertical motion whish i
the same as if it had just been dropped. Fromwhifind that it
lands after 2 seconds. And now we know how farated
horizontally during this time.
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GALILEAN RELATIVITY

Person on a moving ship drops a rock. They see it fall straig
down to land at their feet.

Someone on shore sees the rock continue to move horizontal
as it falls, and says the trajectory is parabolic.

Another observer on another ship sees it move horizontally wit
a different speed and sees a different parabola.

They all see it land at the same time. Galileo concluded that th
horizontal motiorcannot influence the vertical motion, and that

what takes place on the ship is independent of the ship’s motio
He argued this applies to all physical and biological processes.

The same principle applies to what takes place on a moving Eg

Galileo thought about the question of a moving lEart
If the Earth moves, why do weot notice this motion, as Aristotle
claimed we would. Here is the thought experimentdreied out in
answer to this puzzle.

A person on a ship drops a rock. To that person its
trajectory is a straight line. An observer on shewes the trajectory
as a parabola. Someone on another ship sees ifdrard
parabola. All of them are making valid observatiorsey all see it
land at the same time.

Galileo concluded that the vertical motion of tbek
must in principle be independent of its horizomtaition.
Furthermore he concluded that everything that hagppa board
the ship must be independent of its motion. He edghat
whatever you take with you on the ship, insecth, fphysics
experiments, etc will be unable to detect the lomtial motion of
the ship. He was assuming, of course, that thisomad perfectly
uniform and smooth.

This is called the Galilean principle of relativayd
explains immediately why we do not sense the maticihe Earth
about the Sun.
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RELATIVITY CAR
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This car with spring cannon illustrates Galileo’s
principle of relativity. The cannon shoots a balaght up. As it
returns it is caught by the funnel.

When the car is stationary in the room, we sedtle
go straight up and down. When the car moves re&dtws, we see
a parabolic trajectory because now the ball hamatant
horizontal velocity along with its vertical fréall motion. But the
ball is still caught by the funnel because the batl car have the
same horizontal velocity. The car and ball movengltogether and
the result is the same as if it were stationamperoom. Its
uniform horizontal motion is unimportant, even utedgable by
any experiment carried out on the cart.
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DART AND TARGET

Target is released when
dart is fired

Here is a dart gun aimed directly at a target. dém
gun and target are so arranged that when thesifared, the target
Is released and falls straight down along the dashe.

If there were no gravity, the dart would follow the
straight line to the target, the target would radi;, and the dart
would hit the target.

In the presence of gravity, what happens? Botliédre
and target fall. The target falls straight downg #ime dart falls
below the straight line to the target. When the dats to the x
coordinate of the target, they have both beemfalihe same length
of time, hence the same distance, so the darh#slkthe target.

As the initial velocity of the dart is reduced, dand
target fall farther and farther, but they will sabllide as long as
they don’t hit the ground first.

SHOW Dart and target demo.
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